We followed the dynamics of the population of the bivalve Limecola (Macoma) balthica in the westernmost part of the Wadden Sea by monitoring for 44 years its numbers and age composition at 15 sites in a 50-km 2 tidal-flat area. During the first half of this period, the annual recruitment and adult survival were at a relatively constant level, resulting in rather constant numbers. During the second half of the observation period, annual recruitment and adult survival showed declining trends, resulting in seriously reduced adult abundance. Sudden substantial reductions in adult survival started around 1996 at a few sites to spread over the entire area within 5 years, like an infectious disease. The resulting small adult stocks produced small numbers of recruits. The stock-recruitment curve showed an increasing part up to about 30 adults m −2 , followed by invariably successful recruitments at > 40 adults m −2
Introduction
In the field, population sizes usually vary strongly with time. It is one of the major challenges of ecological research to unravel causes of this variability by studying underlying processes such as recruitment and subsequent survival. A prerequisite for such investigations is the availability of prolonged (and preferably uninterrupted) series of consistently gathered data. In the Balgzand tidal flat area in the westernmost part of the Wadden Sea, populations of benthic animals have been monitored ever since the early 1970s. The available data set includes twice-annual estimates of the numerical density of the various age groups present of the tellinid bivalve Limecola balthica. This > 40 years long data series allows annual estimates of recruitment as well as survival of this species in an area of 50 km . As bivalve abundance in any year is heavily influenced by recruitment success in the same and preceding years, conclusions on long-term trends from interrupted series are not so accurate. The authors dealing with these interrupted series realized the high variability in annual recruitment and the positive influence of cold winters on recruitment success. This relationship was analyzed by Beukema and Dekker [5] , showing that the near-absence of predators (shrimps and shore crabs) on the early benthic stages of bivalves in springs on tidal flats after cold winters allowed the survival of high numbers of bivalve spat.
The Wadden Sea is located in the warmer southern part of the distribution area of L. balthica [6] . In this area its populations appear to be vulnerable to temperature rise, evidenced by reduced reproductive output, recruitment, and survival in years that were warmer than average [7] . Nowadays, water temperatures in the Wadden Sea show a warming long-term trend and are by about 1.5 °C higher than half a century ago [8] . The declining trend of occurrence of cold winters after 1997 (and the complete absence of really severe winters for the last 2 decades) might have resulted in declining trends in survival and recruitment of L. balthica [7, 9] and thereby a decline in the abundance of this species.
L. balthica is an important prey for some species of wading birds, in particular Red Knots Calidris canutus. The serious decline of the L. balthica populations in the Wadden Sea raised concern of nature conservationists. They tend to attribute the decline to negative effects of fishery for cockles and mussels [2, 10] . On Balgzand, however, this fishery ended already in the early 1990s, whereas the strong population declines only started in the late 1990s. Therefore, another explanation is needed.
The aim of the present study is to analyze the underlying causes of the long-term dynamics of the size of the adult population of L. balthica in the monitored area. In other words: were the changes in numbers of adult L. balthica governed in the first place by variability in their annual recruitment, in annual survival of their adults or in both. The main hypothesis is that the temperature increase was a main cause of the long-term decline of L. balthica abundance by declined recruitment and survival. We investigate whether the temperature-caused declines were sufficient to explain the population collapse.
Methods

Study area
The data on L. balthica numbers were obtained as part of a long-term program involving twice-annual sampling ever since the 1970s of the macrozoobenthic animals at 15 permanent sampling stations located on Balgzand (Fig. 1) , a 50 km 2 tidal flat area in the westernmost part of the Wadden Sea (at about 53°N and 5°E). Further details on the sampling area, the stations, and the methods can be found in [11] .
Bivalve sampling
Along each of the 12 transects of 1 km length (numbered 1-12 in Fig. 1 ), 50 cores were taken twice-annually at equal intervals to a depth of about 30 cm. In FebruaryMarch, when cores of nearly 0.02 m 2 (15.6 cm diameter)
were used, the sampled area per transect covered a total of 0.95 m 2 . In August-September, using cores of nearly 0.01 m 2 (10.7 cm diameter), 0.45 m 2 were covered per transect. Cores used in winter were larger because of the smaller numbers of animals in that season. At each of 3 additional square sampling sites (A, B, and C in Fig. 1) , samples of about 1 m 2 were collected in the same months. Bivalves were sorted from the sieved (1-mm mesh size) samples, assigned (by counting year marks on the shell) to age classes (cohorts were indicated by the year of birth), and counted. Numerical densities were expressed in nm −2 and presented as 15-station means. Recruitment (numerical density of a new cohort) was assessed for the first time in their life in late-summer at an age of about 0.3 year after the start of their benthic life and again half a year later in late-winter. At that time the animals were still of spat size (mostly < 7 mm shell length) and aged about 0.8 year. For some purposes, these early estimates were not sufficiently precise: due to the small size of part of the spat an unknown proportion passed the sieves or were overlooked at sorting. In a few years, when spat of < 1 mm shell length predominated, cohort densities were even found to be larger at an age of 1.3 years than at younger ages. Therefore, recruitment magnitude was also expressed as cohort density at an age of 1.3 years. Because of the extreme variability in recruitment success (3 orders of magnitude), recruit densities were plotted and evaluated after 10 log transformation. Annual survival of adults was expressed as the percentage of the numbers of 1.8 or more years old individuals in a certain year that were still alive 1 year later: 100. (nm −2 of 2.8 + years-olds in year n + 1/nm −2 of 1.8 + yearsolds in year n). Late-winter assessments of density were used, because transect samples were larger in late winter than in late summer, allowing more precise estimates of annual survival. We calculated survival percentages separately for each of the 15 sampling sites, but for average total-Balgzand estimates we excluded estimates at sites C and 12, because adult densities were invariably low there, not allowing sufficiently precise survival estimates. For this reason, we did not use site-percentages that were based on numbers of 1. 
Results
Annual recruitment
The half-yearly sampling program yielded data on annual spat abundance (n m . In these 2 years, nearly all spat individuals (aged 0.3 or 0.8 year) were unusually small, most likely partly passing the sieves used. After the second growing season, at an age of 1.3 years, they were large enough to be fully retained by the sieves and probably also completely detected at sorting. This occurred in only two out of 44 years of observation.
The 44-y long data series of 1.3-year-olds nevertheless showed strong correlations with those of 0.3-and 0.8-year-olds (r 2 = 0.71 and 0.79, p < 0.001 and < 0.0001, respectively). Like the estimates at the younger ages of 0.3 and 0.8 year, densities of 1.3-year-olds showed a declining long-term trend (crosses in Fig. 2 ; r 2 = 0.17, n = 44, p < 0.01).
Note that declining trends in recruitment were totally absent in all three data series of 
Annual adult survival
As counts of numbers at an age of 1.3 years provided the first reliable estimate of abundance in all cohorts, we had to use the density values of > 1.3-year-olds (in practice: 1.8 + years, see Methods) as initial abundance to estimate subsequent annual survival (late-winter to late-winter one year later).
During the first half (1974-1995) of the 44-year period of observation, mean annual survival rates of adult L. balthica were rather constant at a level of around 65 or 70% year −1 (horizontal lines in Fig. 3b ). Thereafter, survival rates became lower to reach for a prolonged period (1999-2009) a level of less than half of the initial rates. Only by 2010, annual survival was high again for a few years, but not consistently so in subsequent years, as it appeared to stabilize at a level of about 40% in the most recent years (2013) (2014) (2015) . During the first half of the observation period, annual survival rates did not strongly vary between sampling sites; see the relatively narrow range of the standard errors (Fig. 3a) . Substantial between-site differences in survival started to appear in 1995, when the survival rate at site 7 dropped from values in earlier years of between 35 and 68% to only 7% year ) survival rates started to occur at other sites as well (Fig. 4) : at one site in 1996, at three neighboring sites in 1997 (open points in Fig. 3b) , at one more site in 1998, at no less than six neighboring sites in 1999 , assessed in late winter) of adult (at least 1.8 years old) Limecola balthica on Balgzand. a Means with 1 SE of 5-13 estimates at the separate sampling sites with sufficient data (squares: n = 12 or 13; circles: n = 5-9; years with n ≤ 3 omitted); b Mean percentages shown separately for (open circles) a group of 3 sites in the NE part of Balgzand (numbered 9, 10, and 11 in Fig. 1 ) where reduced survival started in 1997, and (solid squares) a group of 6 sites in the SW half of Balgzand (numbered 2, 3, 4, 5, A, and B in Fig. 1 ) where reduced survival started in 1999 (compare Fig. 4) . The horizontal lines indicate the long-term mean values for the first half of the period of observation, full line for the 6 SW sites, dashed line for the 3 NE sites (solid points in Fig. 3b) . Only by 2000, low survival rates reached the last remaining site (numbered 1 in Fig. 1 and 00 in Fig. 4) .
The gradual spread of the occurrence of sudden drops in adult survival over the Balgzand area, as shown in Fig. 4 , points to a more rapid transfer in a northwestsoutheast than in a northeast-southwest direction. Note in Fig. 4 the short (one-year) time lags between sites 7 and 8 (1995) (1996) , site 8 and sites 9, 10 and 11 (1996) (1997) , sites 2, 3, 4, 5, A and B and site 1 (1999-2000) versus the longer time lags (2 or more years) between site 7 and site 6 (1995-1998) , between sites 9, 10 and 11 and sites 12 and C (1997-1999) or between site 7 and site 1 (1995-2000) that are just as well pairs of geographically adjacent sites. The main tidal gullies in the Balgzand area are shown in Fig. 4 and run for by far the greater part in northwest-southeast directions. Main water mass movements over the Balgzand area follow these directions, both during flood and ebb tides [12] .
Temperature influence on recruitment and survival
Both recruitment and adult survival were higher in years starting with relatively low than high water temperatures ( Fig. 5a ) and with survival for the 1973-1994 period (Fig. 5b) . For recruitment assessed at an age of 1.3 years, the relationship was again negative and just significant: log R = 1.67-0.04 T, r 2 = 0.12, n = 31, p = 0.05. For the 12 years of the 2004-2015 period with mostly very low recruitment, the relationship with temperature happened to be positive and was just (Fig. 5a) , and (2) adult survival was in all of the years of the 1995-2003 (open circles) and most of the later years (crosses) far below values to be expected from the winter-temperature versus survival observed in earlier years (Fig. 5b) .
Population size at reduced recruitment or survival
The size of the adult population of L. balthica on Balgzand declined dramatically between the first and second half of the period of observation, from densities between 50 and 100 m −2 up to 1996 to around 10 m −2 in the 2000s (solid points in Fig. 6 ). To investigate whether reductions in recruitment or in adult survival were the prime cause of this decline, we calculated for each year the expected adult density at either constant recruitment (and observed survival) in all years or constant adult survival (and observed recruitment). As a constant recruitment value we took a density of 38 individuals m −2 of 1.3-year-olds, being the mean density of this age group of the 32 cohorts born in the 1972-2003 period, i.e. before the serious decline of annual recruitment (Fig. 2) . As a constant adult survival rate we took 65% year −1 , being the mean value for the first half of the period of observation, before the serious decline in survival (Fig. 3) . Using both of these constants, the density of adults (2.3 + -yearolds) would amount to 71 m −2 in each year (horizontal lines in Fig. 6 ).
The observed numbers of adults included in Fig. 6 (solid points) are averages of the numbers found at the 15 sampling sites. Standard errors of these averages, reflecting spatial variation, generally amounted to 10-15% of the averages and were higher (up to about 30%) only in the years between 1995 and 2001, when only part of the sampling sites were struck by the excessive mortality. Statistically significant differences between observed and expected numbers were (nearly) absent in the years before 1999 in Fig. 6a and before 2006 in Fig. 6b . Long periods with consistently highly significant differences (i.e. differences exceeding several times the standard errors) were observed for the years 1999-2009 in Fig. 6a and the years 2006-2016 in Fig. 6b .
Expected numerical adult densities at constant survival and real recruitment values (open points in Fig. 6a) followed the observed densities rather well up to the early 1990s. Starting from 1997, observed adult densities lagged far behind expected values till around 2010. This was the period of low survival (Fig. 3) , starting in 1996 at one and in 1997 at four sampling sites (Fig. 3b) . Expected adult densities at constant recruitment and real survival (open points in Fig. 6b ) followed the observed densities rather well up to 2005, though the peak of observed numbers around 1994 (due to the extraordinarily successful recruitment in 1991: Fig. 2 ) was missed. Starting from 2006, observed densities lagged behind expected values. This was the period of low recruitment, starting with the small cohort born in 2004 (Fig. 2) that reached adult age in 2006.
Summarizing: for the period up to 1992, both models resulted in realistic expectations of the size of the adult population. It was a period of relatively high stability in both recruitment and survival (Figs. 2, 3) . The first serious deviation (by more than a factor two) occurred in 1993, when the constant-recruitment model started to expect too low numbers of adults for some years (Fig. 6b) , originating mostly from the highly successful 1991-recruitment. The constant-survival model (Fig. 6a) rightly showed the increase in adult numbers in 1993. The following substantial deviation started around 1997, when the constant-survival model overestimated the adult population size for a long period (Fig. 6a) . For the first half of this period (up to 2005), the constant-recruitment model yielded a realistic number of adults (Fig. 6b) . Thus, the declining and finally low observed densities of adults in the 1997-2005 period were fully due to low adult survival. After 2005, the deviations for the constant-recruitment model were most conspicuous (Fig. 6b) , showing consistently higher expected numbers. This was the period of reduced recruitment (Fig. 2) . As the expected numbers of the constant-survival model were too high as well for this period (Fig. 6a) , we conclude that both reduced recruitment and reduced survival were causes of the low adult densities in the last decade.
Relationship between size of adult stock and success of recruitment
In the above, we showed how the size of adult stocks was governed by annual recruitment and subsequent survival rates. The observed declining trend of the adult population size after the mid-1990s could largely be explained by declines of annual survival rates. Only after the mid2000s, the observed adult numbers lagged behind values expected on the base of only variation in survival (Fig. 6b) , pointing to seriously reduced recruitment for the last 10 years. The question then arises, whether this recruitment reduction might have originated from too small adult stocks to ensure sufficient annual reproduction.
The stock-recruitment curve for the Balgzand L. balthica population was curvilinear (Fig. 7) . At low adult densities (up to a few tens of adults m The increasing and stable parts of the stock-recruitment relationship represented different multi-year periods, indicated by different symbols in Fig. 7 . Up to and including 1994 (solid squares), recruitment appeared to be independent of the size of the adult stock, which amounted to densities of > 50 m ). Thus, the increasing part of the stock-recruitment relationship was restricted to the last 13 years of the observations, when adult densities had declined to values of < 40 m 
Discussion
Changes in stock size
The abundance of the L. balthica population at Balgzand declined dramatically, roughly decimated, between the 1980s/early 1990s and the 2000s. A similarly strong decline (from about 100 to < 10 m −2 ) was reported in [2] for a vast area in the western Dutch Wadden Sea between the late 1990s to the mid-2000s. Changes in the size of the L. balthica population all over the Dutch Wadden Sea by collating data from the "grey" literature are reported in [13] . Everywhere in the Dutch Wadden Sea, adult densities became extremely low in the course of the 2000s after much higher abundances in earlier years. Balgzand thus appears to be a representative area for population changes over much wider areas and a suitable area for studying underlying causes.
Survival and recruitment
The most radical change during the > 40 year monitoring period was the sudden severe decline of adult survival that started in the mid-1990s, from an average of around 70% to around 20% year −1 . The decline started at one site and gradually spread within 5 year to all sampling sites (Fig. 4) . Pending further research, the spread resembled the horizontal transmission of a contagious disease, such as observed in soft-shell clams [14] . Within 5 years, the size of the adult population had declined from a mean of about 70 individuals m −2 for the pre-reduction period to about 10 m −2 (Fig. 6a) . Despite increasing survival after 2005, the level of adult densities remained low. This was caused by reduced recruitment (Fig. 6b) , probably as a consequence of too small adult stocks (Fig. 7) . Therefore, we think that the low final (post-2005) levels of adult numbers and recruitment success might have been indirect consequences of the earlier reductions of adult survival.
We do not think that the lower levels of population size, survival and recruitment had anything to do with shellfish fishery. In the Balgzand area, fishing was forbidden starting from 1993 and the last year of intensive fishing was 1990 [15, 16] . The described declines in the L. balthica population started only around 1995. It is remarkable that the highest recruitment of the 44-year period occurred in 1991 immediately after the year with the most intensive fishery. The highest abundance of adults was observed in 1993 and was built up within the period fishery was still allowed.
Some caution is warranted in the interpretation of the stock-recruitment relationship presented in Fig. 7 : the low recruitments observed in the 2004-2015 period were not necessarily a consequence of the small adult stocks. Maybe, both adult stock as well as recruitment were negatively affected by an unknown environmental factor (such as a disease) acting during this period. Unfortunately, no small stocks were found outside this period and thus no recruitment data are available for small stocks before the commencement of the low adult survival.
Climate effects
The observed negative effects of rising water temperatures on both recruitment and survival were less drastic ( Fig. 5; [7] ) than the actual declines of recruitment and survival. Therefore, they could not explain the strong reductions in survival (starting around 1995) and recruitment (starting around 2004).
Rising water temperatures as a consequence of climate change might be important for future developments of the L. balthica population in the Wadden Sea. At the present water temperatures in winter, and without special incidents, we might expect recruitment levels of around 200 m 
